Background/ Aims: Neonatal hypoxia-ischemia (HI) causes severe brain damage and significantly increases neonatal morbidity and mortality. Increasing evidences have verified that stem cell-based therapy has the potential to rescue the ischemic tissue and restore function via secreting growth factors after HI. Here, we had investigated whether intranasal neural stem cells (NSCs) treatment improves the recovery of neonatal HI, and NSCs overexpressing basic fibroblast growth factor (bFGF) has a better therapeutic effect for recovery than NSCs treatment only. Methods: We performed permanent occlusion of the right common carotid artery in 9-day old ICR mice as animal model of neonatal hypoxia-ischemia. At 3 days post-HI, NSC, NSC-GFP, NSC-bFGF and vehicle were delivered intranasally. To determine the effect of intranasal NSC, NSC-GFP and NSC-bFGF treatment on recovery after HI, we analyzed brain damage, sensor-motor function and cell differentiation. Results: It was observed that intranasal NSC, NSC-GFP and NSC-bFGF treatment decreased gray and white matter loss area in comparison with vehicle-treated mouse. NSC, NSC-GFP and NSC-bFGF treatment also significantly improved sensor motor function in cylinder rearing test and adhesive removal test, however, NSC-bFGF-treatment was more effective than NSC-treatment in the improvement of somatosensory function. Furthermore, compared with NSC and NSC-GFP, NSC-bFGF treatment group appeared to differentiate into more neurons. Conclusion: Taken together, intranasal administration of NSCs is a promising therapy for treatment of neonatal
Introduction
Neonatal hypoxia-ischemia (HI) leads to severe brain damage and increases neonatal morbidity and mortality，which becomes a major global health problem [1] [2] [3] [4] . The effect of current treatment for neonatal (HI) is limited. Mild hypothermia has been confirmed to improve the outcome after neonatal HI encephalopathy within 6 hours after birth. There are no other effective interventions for improving the chronic sequelae of perinatal asphyxia [5] .
Neural stem cells (NSCs) have self-renewal ability and potential to differentiate into neurons and glial cells, which are wildly used to study the nervous system degenerative disease and nerve damage-related disease [6] [7] [8] [9] [10] . Stem cell-based therapy has the potential to replace the ischemic tissue and restore the function of brain after neonatal HI, however, the molecular mechanisms of stem cell for promoting functional recovery still need to be further elucidated. It has demonstrated that transplanted NSCs differentiate into neurons and glial cells, which could secrete kinds of neurotrophic factors and improve microenvironment, thereby promote repair processes like neurogenesis, angiogenesis and cell migration. However, the brain injured tissue releases a large amount of excitatory neurotransmitter and oxygen free radicals, and forms a detrimental microenvironment for survival of NSCs. More importantly, the transplanted stem cells are scattered, and less of transplanted stem cells migrate into lesion area. Thus, the therapeutic effect of NSCs alone transplantation was greatly limited.
Basic fibroblast growth factor (bFGF) is a crucial neurotrophic factor that can promote functional recovery in cerebrovascular diseases such as cerebral ischemia with the biological effect of promoting cell proliferation and differentiation [11] [12] [13] [14] . bFGF promotes angiogenesis, axon regeneration, nerve protection, tissue repair and endogenous neural stem cells mobilization, thereby exerts an vital role on the development of central nervous system and injury repair [15] . It has been demonstrated that bFGF could inhibit nerve cell apoptosis, improve the blood supply in ischemic area and ameliorate nerve dysfunction in focal cerebral ischemia injury rat model [16] [17] [18] [19] [20] . However, due to short half-life, difficulty in transmitting through blood brain barriers and serious side effect, II/III clinical trial results of bFGF treatment for ischemic cerebral apoplexy was not ideal [20] [21] [22] [23] .
Studies by Tsupykov et al. had demonstrated that over-expression of bFGF remarkably improves the migratory capacity of transplanted neural progenitor cells (NPCs) and promotes tissue repair of rat cerebral cortex [24] . In present study, we established NSCs overexpressing bFGF and investigated whether intranasal delivery of NSC-bFGF has a better therapeutic potential for HI-induced brain damage.
Materials and Methods
Induction of neonatal HI animal model and treatment with NSCs 9-day old ICR mice were purchased from Chinese Academy of Science Shanghai Laboratory Animal Center. The procedures for animal use were guided by the Care and Use of Laboratory Animals from the National Institutes of Health and approved by the Animal Care and Use Committee of Wenzhou Medical University. After arrived, the mice were housed on a 12-hour light/dark cycle and a temperature of 25±2°C. The ICR mice were used to induce neonatal HI with unilateral hypoxic-ischemic cerebral damage via permanent occlusion of the right common carotid artery under ether anesthesia followed by 45 min 10% oxygen at 35°C. It had an 8% death rate after HI induction procedure. Sham-control mice underwent anesthesia and incision only. Pups from at least six litters were randomly divided into experimental groups. At 3 days post-HI, NSC, NSC-GFP, NSC-bFGF and vehicle were intranasal delivered to mice. Before treatment, 
Construction of adenoviral vector containing bFGF gene
The recombinant adenoviral vectors with humanized recombinant GFP (hrGFP) gene, a CMV minimal promoter (CMVmp) and five HRE enhancers containing bFGF were constructed as previous method [25] . The pGL3/5HRE-CMVmp-Luc vector containing SV40 poly (A) and firefly luciferase gene was got from Dr. Toru Shibata (Kyoto University, Japan). The human bFGF full-length cDNA (Origene, Rockville, MD) displaced the insert fragment and the vector was digested by KpnI and SalI. The expression cassette of 5HRE-CMVmpbFGF was the resulting fragment and sub-cloned into the KpnI/SalI restriction sites of pShuttle transfer vector (AdEasy vector system, Qbiogene, Carlsbad, CA). The IRES-hrGFP-poly(A) including hrGFP cDNA was the PCR-amplified fragment of pShuttle-IRES-hrGFP-1 (Stratagene), inserted into the SalI site of the constructed vector of pShuttle/5HRE-CMVmp-bFGF. All plasmids were sequenced to further confirm the identity of the recombinant constructs.
The replication defective recombinant adenovirus Ad-5HRE-bFGF was come from the constructed pShuttle vector (AdEasy vector system, Qbiogene, Carlsbad, CA). hrGFP was used as a control and generated by using IRES-hrGFP fragment to displace the bFGF-IRES-hrGFP sequence. The recombinant adenoviral particles were purified by ultracentrifugation at 100, 000 × g for 1 hour, and HEK293 cells was used to determined the titer of each viral stock using Adeno-XTM rapid titer kit (Clontech).
Cell culture and adenoviral transduction
The neural stem cells line (C17.2 cell) was obtained from Shanghai Cell Library of Chinese Academy of Sciences and cultured according to the manufacturer's instructions. C17.2 cell were cultured according to the previous method [26] . Briefly, C17.2 cell were expanded and maintained in cell culture flasks(Corning Inc., Corning NY) in Dulbecco's modified Eagle's medium (DMEM) (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum (Gibco, USA), 2 mM L-glutamine, 100 U/ml penicillin and 100 mg/ml streptomycin (Gibco, USA), and then incubated at 37°C, 5% CO2 humidified atmosphere. The medium was exchanged every other day and cells were detached by trypsin/EDTA (Gibco, USA) when they become confluent. The C17.2 cell were grown at a density of 2 × 105 cells per well in 24 wells plate. After plating for 24 hours, C17.2 cell were cultured under 25 multiplicity of infection (MOI) concentration of adenovirus at 37oC for 18 hours to transfer adenovirus.
The cylinder rearing test
The cylinder rearing test was performed to assess forelimb using asymmetry at 14, 21, 28 and 35 days after HI. The weight-bearing forepaw(s) to contact the wall during a full rear was recorded as left (impaired), right (non-impaired) or both. Paw preference was calculated as follows:
Porepaws initiation difference = (non-impaired forepaw-impaired forepaw)/ (non-impaired forepaw + impaired forepaw + both) ×100%
Adhesive removal test
Adhesive removal test was performed at 35 days after HI. Stickers (tough-spots, Diversified Biotech, Boston, MA) were placed on left and right forepaw, and then recorded the latency to removal and mean time for completing removal of 3 stickers per forepaw. During test, the sticker placement on left and right forepaw was alternated between and within animals.
Immunohistochemistry 8μm-coronal paraffin sections was treated with 10% hydrogen peroxide (H2O2) to block endogenous peroxidase activity and then incubated with followed primary antibody overnight at 4°C: anti-goat myelin basic protein (MBP) (Santa Cruz Biotechnology, USA, 1:1000) and anti-rabbit microtubule associated protein 2 (MAP-2) (Santa Cruz Biotechnology, USA, 1:500). After multiple rinses with PBS, the sections were incubated with secondary anti-goat or anti-rabbit antibody for 60 minutes at 37°C (Santa Cruz Biotechnology, USA, 1:1000), then incubated with streptavidin-HRP conjugate. Injury volume analysis was performed on a series of MAP-2 and MBP stained sections. Injury volume was calculated as ratio of ipsilateral/contralateral Cells labeling of CM-DiI edculared chnology, USA, 1:500), ratsbit the the each animal received identical.For tracking the transplanted NSCs, NSCs were labeled with CM-DiI dye (Invitrogen) prior to transplantation by incubating the cells with the dye for 5 minutes at 37°C Then, the cell nucleuses were stained with Hoechst (1mg/ml) for 15 minute. Fluorescent images were captured using a fluorescent inverted microscope (Nikon Corporation) and Softworx software (Applied Precision, Washington).
Immunofluorescent staining
After dewaxing and hydration, the sections were incubated with 3% H2O2 for 15 min and then in blocking solution for 45min. Subsequently, the sections were incubated with the following primary antibodies over night at 4°C: anti-β-gal (Santa Cruz Biotechnology, USA, 1:200), anti-NeuN (Abcam, Cambridge, UK, 1:200) and anti-GFAP (Santa Cruz Biotechnology, USA, 1:100). The secondary antibodies were FITC (Santa Cruz Biotechnology, USA, 1:200) and the nucleuses were stained with Hoechst 33258 dye (1mg/ml).
Statistical analysis
All data were presented as mean ± SEM. Statistical analysis for cylinder rearing test and adhesive removal test were performed using two-way ANOVA with Fisher Least Significant Difference posttests. Statistical analysis for histological measures was analyzed using one-way ANOVA with Bonferroni posttests. Differences were suggested to be statistically significant when P < 0.05.
Results

Intranasal treatment with NSCs significantly reduced neonatal HI-induced lesion volume
9-day old ICR mice were induced into neonatal HI animal model，and intranasal NSC, NSC-GFP, NSC-bFGF and vehicle treatment were performed at 3 days after HI. At 35 days post-HI, MAP-2 positive area loss, a measure of gray matter injury, was significantly less after treatment with NSC, NSC-GFP and NSC-bFGF in comparison with vehicle-treated mice. Treatment with NSC-bFGF significantly lowered MAP-2 loss than treatment with NSCs (Fig.1A) . MBP positive area was used to assess the injury to white matter. HI significantly induced loss of MBP positive tissue in vehicle-treated mice (Fig.1B) . Treatment with NSC, NSC-GFP and NSC-bFGF significantly decreased the loss of MBP positive area when compared with these in vehicle-treated mice, but no significant difference between NSC, NSC-GFP and NSC-bFGF treatment.
Intranasal treatment with NSCs significantly ameliorated neonatal HI-induced motor deficits
To test whether NSCs treatment ameliorates HI-induced motor deficits, the cylinder rearing test was performed at 14, 21, 28 and 35 days after HI. It was observed that shamcontrol ICR mice did not show any paw preference ( Fig.2A) . HI caused lateralization shown by about 30% preference to use the right unimpaired forepaw in vehicle-treated mice. After treatment with NSCs, performance of mice in the cylinder rearing test significantly improved at 21, 28 and 35 days after HI, in comparison with vehicle-treated mice, but no significant difference between NSC-GFP and NSC, implying that GFP did not affect the repair function of NSCs for HI. At 21, 28 and 35 days post HI, forepaw impairment of mice in NSC-bFGF treated group was significantly reduced than that in NSC-treated mice (P<0.05).
At 35 days post HI, adhesive removal test was used to evaluate sensory and motor deficits of paw. Sham control mice did not show significant difference in adhesive removal latency between left and right forepaw (Fig.2B) . After HI, the latency of mice to remove the sticker from the impaired forepaw (Left) was significantly longer than removing the sticker from the unimpaired forepaw (Right). NSC, NSC-GFP and NSC-bFGF treated mice showed much less latency to remove the adhesive from the impaired forepaw when compared with that in vehicle-treated mice. There were no significant difference in adhesive removal latency among the mice treated with NSC, NSC-GFP and NSC-bFGF.
The migration of NSCs towards lesion site after transferring into HI mice
To assess whether NSCs migrated from nose to lesion site in brain, CM-Dil dye was used to label NSCs and analyzed the sections of brain after intranasal administration for 24 hours. CM-Dil+ NSCs were predominantly present in damaged hippocampus ( Fig.3A;  ipsilateral) . Additionally, the number of CM-Dil+ cells in mice from NSC-bFGF treatment group was much more when compared with those in NSC and NSC-GFP treated mice. But, there was no significant difference in the number of CM-Dil+ cells between NSC and NSC-GFP treated mice, indicating that there was no significant difference in cell migration after treatment with either NSC or NSC-GFP (Fig.3E) . Although NSCs were given in both nostrils, few CM-Dil+ NSCs were observed in the contralateral hemisphere (Fig.3A to C) . In addition, no CM-Dil+ cells were observed in brains from sham control mice ( Fig.3D; sham) , suggesting that tissue autofluorescence did not exist in the mice after HI ( Fig.3D; vehicle) .
Transplanted NSCs differentiated into neurons and astrocytes in hippocampus and cortex after HI β-gal staining was used to label NSCs in brain for distinguishing the endogenous stem cells. It was observed that the number of β-gal+ cell in mice from NSC, NSC-GFP and NSCbFGF group were much more than that in mice from vehicle group. More importantly, the β-gal+ cell number in NSC-bFGF treated mice was significantly much more when compared with NSC-GFP and NSC group (Fig.4 A and B) . To determine whether NSCs had differentiated into neuro or astrocytes, the brain tissue was used to examine the co-expression of β-gal with NeuN (neuron maker) or GFAP (astrocyte maker). NSC treatment increased the percentage of β-gal+/NeuN cells (Fig.5 ) and β-gal+/GFAP cells (Fig.6 ) in hippocampus and cortex after HI. Furthermore, it had demonstrated that NSC-bFGF treatment had an additional effect on increasing the percentage of β-gal+/NeuN cells (Fig.5A ) in comparison with those in mice from NSC and NSC-GFP group (Fig.5B and C) .
Discussion
Neonatal HI is one of major causes of death and long-term neurological impairment in neonates [27, 28] . However, the treatment for HI encephalopathy is limited. Several 
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studies had evaluated the potential of NSCs to regenerate or reduce brain damage in animal models of neonatal HI [29, 30] . Transplantation of NSCs in the brain attenuates anatomic or functional deficits associated with injury or disease in the CNS via cell replacement, the release of specific neurotransmitters, and the production of neurotrophic factors that Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry protect injured neurons and promote neuronal growth [31] . But NSCs generally don't secrete cytokines, and transplanted NSCs alone are unable to alter the microenvironment of injury site. Thus, NSCs carrying therapeutic genes were designed to overcome these deficits for the hope of repairing and regenerating the nervous system. It has been reported bFGF is an important neurotrophic factor that can promotes angiogenesis, axon regeneration, nerve protection, tissue repair and endogenous neural stem cells mobilization, thereby exerts an vital role on the development of central nervous system and injury repair [32] . However, simple application of bFGF protein is difficult to administer in clinical situations due to short half time. Thus, bFGF gene-modified NSCs could not only effectively induce the expression of bFGF in the infarcted lesion, but also promote NSCs to differentiate into specific cell types of neurons or glia. In our current study, we found that intranasal NSCs treatment significantly improved the recovery of neonatal HI. More importantly, intranasal treatment of NSCs overexpressing bFGF was a highly attractive and efficient alternative method for stem cellbased therapies in neonatal HI, highlighting bFGF further enhances the effect of NSCs for HI. Mechanistic studies had revealed that the apoptosis of neuron in hippocampus, corpus striatum and cortex was the causal events leading to sensorimotor dysfunction after HI [33, 34] . In this study, we had performed cylinder rearing test at 14, 21, 28 and 35 days after HI. We found that NSC, NSC-GFP and NSC-bFGF treatment effectively improved the deviation of forelimb using asymmetry at 21 days and thereafter, suggesting that the effect of NSCs on recovery of HI was time-dependent. Additionally, NSC-bFGF treatment had a better therapeutic effect for neonatal encephalopathy with the evidence of 20% decrease of deviation when compared with that in mice from vehicle group, while it was just 15% Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry decrease in NSC and NSC-GFP group. The results of adhesive removal test at 35 days after HI further provided the evidence for the therapeutic effect of NSCs on neonatal encephalopathy. Neonatal brain injury significantly induces the damage of white matter and gray matter, such as white matter area loss, gray matter loss and arrest of myelin development. Consistent with previous study, MAP-2 (maker of cerebral ischemia) and MBP (maker of integrity of myelin sheath) positive area loss were significantly up-regulated in brain after neonatal HI, which were ameliorated after treatment with NSC, NSC-GFP or NSC-bFGF. These results suggest that NSCs treatment restores the sensorimotor function though the repair of gray matter and white matter.
NSCs not only have the multiple potentials of differentiation, but also can migrate and differentiate in response to signals stimulated by tissue damage [35] . In this study, we found that transplanted NSC, NSC-GFP or NSC-bFGF differentiated into neurons and astrocytes. Comparing with NSC and NSC-GFP treatment, NSC-bFGF treatment had an additional effect on increasing the percentage of β-gal+/NeuN cells in hippocampus and cortex after HI. The current findings suggest that bFGF overexpression may provide a microenvironment for promoting the migration, survival and differentiation of NSCs, repairing the injury-induced the loss of white matter and grey matter, and subsequently improving the neurobehavioral function after neonatal HI.
The intranasal cavity provides a direct passage to the intracerebral compartment along olfactory pathways and has been used to directly deliver the drugs to the CNS, bypassing the blood-brain barrier and minimizing systemic exposure [2, 36] . Several studies have demonstrated that intranasal stem cells treatment improves sensorimotor and cognitive function, and decreases gray or white matter damage after HI [37] [38] [39] . In our present study, CM-Dil staining was used to label and track the migration of NSCs. It was observed that CMDil labeled NSCs had mainly specially migrated into lesion area, indicating that as more safer and effective way, noninvasive intranasal NSCs treatment had a better potential therapeutic effect for neonatal encephalopathy.
Conclusion
In summary, the intranasal NSC specially migrated into lesion area, differentiated into neuron and glia cells, and subsequently promoted the recovery of neonatal HI. Due to the potential for promoting the survival, proliferation and migration of NSCs, NSCs overexpressing bFGF had a better therapeutic effect for neonatal HI, highlighting that the intranasal NSC-bFGF treatment has the potential to become a novel and effective therapeutic intervention for neonatal HI.
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